The mechanism of dissociative D 2 adsorption on Ti 2 O 4 À , which serves as a model for an oxygen vacancy on a titania surface, is studied using infrared photodissociation spectroscopy in combination with density 
Introduction
Titanium oxides are among the best candidates for heterogeneous photocatalysis.
1-3 Numerous studies have been devoted to the investigation of their role in promoting water splitting.
4-7
Hydrogenation of TiO 2 nanomaterials significantly improves their solar-driven photocatalytic performance by reducing their band gap. 8, 9 However, the nature of the adsorbed hydrogen and the electronic structure at the surface remain subject to intense debate. While H 2 only weakly interacts with crystalline TiO 2 surfaces, surface defects in the form of oxygen vacancies act as electron donors, providing specific adsorption sites at which molecular hydrogen can dissociatively adsorb. 10 The removal of an oxygen atom formally leaves behind two unpaired electrons. The localization and mobility of these electrons have remained controversial. 11, 12 Density functional theory (DFT) calculations reveal that this excess charge is mainly localized on the surface 5-fold coordinated 5c Ti atoms and/or 6-fold coordinated subsurface A localized excess charge can also originate from OH groups on TiO 2 and indeed hydrogenated TiO 2 shows considerably higher reaction rates for water splitting than a noble metal decorated TiO 2 surface and also absorbs visible light in a broader spectral region. 8, 14, 15 A recent study identified negatively-charged hydridetype H-Ti species as the photoactive species, whose formation and stability are closely related to available surplus electrons on the rutile TiO 2 (110) surface from oxygen vacancies or by the formation of surface hydroxyls. 16 Isolated gas-phase clusters can serve as a model system for studying adsorption reactions at the molecular level with the key advantage of being amenable to high-level quantum chemical calculations. [17] [18] [19] Here, we characterize the influence of the excess electron in the gas phase cluster Ti 2 O 4 À on the mechanism of dissociative hydrogen adsorption using cryogenic ion vibrational spectroscopy in combination with DFT calculations and the recently developed single-component artificial force induced reaction (SC-AFIR) method. 20 The stability and structure of titanium oxide clusters in the gas phase have been studied experimentally using VUV-ionization, 21 collision induced dissociation, 22, 23 UV-photodissociation 24 and ion mobility 25 mass spectrometry as well as anion photoelectron, [26] [27] [28] infrared resonance-enhanced multi-photon ionization 29 and infrared photodissociation 30, 31 spectroscopy. These studies mainly focused on the characterization of (TiO 2 ) n +/0/À clusters (n = 1, 2,. . .), in particular the stability, vibrational frequencies and electron affinities of the smaller clusters and how these properties differ a Wilhelm-Ostwald-Institut für Physikalische und Theoretische Chemie, compared to those of the bulk as a function of the cluster size n. The structure of Ti 2 O 4 À was studied in more detail using slow electron velocity-map imaging (SEVI) anion photoelectron spectroscopy. 28 Similar to neutral Ti 2 O 4 it exhibits a non-planar O-Ti-(O) 2 -Ti-O motif containing a four-membered ring. 32 However, the additional negative charge leads to stabilization of the C 2v isomer over the C 2h structure in the negative ion. The gas phase reactivity of titanium oxide clusters is less well studied experimentally and their characterization has been limited to reactions with molecular oxygen 33 and water. 34 Computationally, the geometries of neutral and charged (TiO 2 ) n clusters have been extensively investigated at both DFT and CCSD(T) levels of theory. 28, 31, [35] [36] [37] [38] [39] [40] [41] [42] Reactions of titanium oxide clusters with hydrogen and water have also been examined. 34, [43] [44] [45] [46] [47] As the number of TiO 2 units n in (TiO 2 ) n +/0/À clusters is increased, the number of isomers grows dramatically. This complicates the identification of low-energy structures and advanced algorithms for performing global minimum searches are required. As a result, conflicting structural assignments have been reported for smaller (TiO 2 ) n clusters, with the latest study showing that up to n = 13 the lowest energy structures do not contain a six-fold coordinated 6c
Ti-atom characteristic of a TiO 2 bulk crystal. 39 Comparable difficulties arise, even for smaller titanium oxide clusters, when the mechanism of a chemical reaction with a molecular reactant at a finite temperature is investigated. The number of the possible reaction pathways similarly increases dramatically with size and complexity of the reactants, necessitating the consideration of an ensemble of energetically favorable isomers and possible rearrangements of the cluster structure during the reaction. Here, we make use of a fully automated method for systematically locating the reaction pathways among various isomers in order to unravel the molecular-level reaction mechanism. 20 The future application of the present methodology to (TiO 2 ) n À for larger n is, in principle, straightforward.
Methods

Experimental section
Infrared photodissociation (IRPD) experiments were conducted on an ion trap tandem mass spectrometer described previously. 48, 49 Ti 2 O 4 À clusters are produced using a Smalley-type laser-vaporization source. 50 The second harmonic output (532 nm) of a 50 Hz Nd:YAG laser (Litron, Nano S) is focused (25 cm focal length) onto the surface of a rotating and translating titanium rod. The plasmacontaining Ti atoms are entrained in a pulse of 0.75% O 2 seeded in He carrier gas (6 bar backing pressure) and expanded through a clustering channel held at 270 K. The best ion signal stability was obtained for a turning speed of the rod of B3 turns per min, laser pulse energies of up to B10 mJ and a time delay between firing of the laser and opening of the pulsed valve of B500 ms.
The pulsed expansion passes through a 4 mm diameter skimmer. The anion beam is then collimated in a decapole ion-guide filled with He gas and mass-selected using a quadrupole mass-filter. Mass-selected anions are accumulated in a linear radio-frequency (RF) ring-electrode ion-trap held at 16 K and continuously filled with D 2 gas. Trapped ions are internally cooled by collisions with the D 2 gas. Physisorbed, i.e. messenger-tagged, and chemisorbed species are stabilized via three-body collisions. 51 After loading the trap for 198 ms, all ions are extracted and focused both temporally and spatially into the center of the extraction region of an orthogonally-mounted linear time-of-flight (TOF) mass spectrometer. Here, the ion packet is irradiated with a single macropulse (B10 ms pulse length) from the free electron laser FHI-FEL operated at 5 Hz with a spectral bandwidth of ca. 0.2% (root mean square) of the central wavelength and pulse energies of B0.1 to 2 mJ. 52 Subsequently, high voltage extraction pulses are applied and a TOF mass spectrum is recorded. IRPD spectra are obtained by simultaneously monitoring the depletion of the messenger-tagged (parent) ions and the formation of the bare (fragment) ions as a function of the IR radiation wavenumber, which was scanned in the spectral ranges 400-1300 cm À1 and 2000-3000 cm À1 in steps of 3 cm À1 . 30 TOF mass spectra are summed at each wavenumber step. Each IRPD spectrum is averaged over three individual scans. The relative photodissociation cross section s IRPD is determined as described previously.
53,54
Computational details
All the stable structures and reaction pathways were searched systematically using the artificial force induced reaction (AFIR) method implemented in a local developmental version of the GRRM program 55 with the potential energy gradient calculated using Guassian09. 20, 56 Within the AFIR approach the tentative products and transition states are obtained by applying an artificial force to randomly distributed reactants. 20 The accurate final products and transition states are determined by reoptimization along the AFIR path using the locally updated plane method 57 without artificial force and confirmed using the intrinsic reaction coordinate calculations. 58 This strategy has been successfully used as a promising tool for the prediction of the reactivity of small metal clusters in the regime of fluxional structures and searching for favorable paths for single bond activation reactions. 59, 60 DFT calculations for adsorption and dissociation of D 2 on Ti 2 O 4 À were performed at the UB3PW91/aug-cc-pVDZ level. 61 The method and basis set were chosen based on a careful evaluation of previous work. 62 All energies are calculated by considering the free energy correction at T = 70 K, the estimated upper limit for the average temperature of the clusters probed in the experiment (30-70 K). The search for the dissociation pathways is done using the multi-component ( . The present SC-AFIR method has been successfully used in our previous work for searching the most stable structures of dissociated H 2 on small gold clusters Au n (n = 2-11).
59,60 IR spectra are generated by convoluting the corresponding stick spectra derived from harmonic frequencies (no scaling) and intensities using a Gaussian line shape function with a FWHM of 10 cm À1 . The influence of anharmonic effects on the vibrational frequencies was checked and was found to be small. 
Results and discussion
A typical TOF mass spectrum of the reaction products is shown in Fig. S1 bound to an O atom and the other to a Ti atom (see P 1 to P 5 in Fig. 1 ). Higher energy isomers are shown in the ESI † (see Fig. S2 ). All low-lying isomers shown in Fig. 1 share the four-membered Ti-(O) 2 -Ti ring motif, also found in bare Ti 2 O 4 À . 28 The isomers P 1 to P 5 all contain a Ti-hydroxide (Ti-OD) and a titanium hydride (Ti-D) bond involving the same (P 4 and P 5 ) or different Ti atoms (P 1 -P 3 ). Moreover, the P 2 /P 3 and P 4 /P 5 structures represent pairs with identical connectivity, i.e., they are conformational isomers and are thus rather close in energy.
The simulated IR spectra of P 1 to P 5 are also shown in Fig. 1 À Á(D 2 ) 1-3 is obtained for the lowest energy isomer P 1 , which allows assignments of the eight experimental features a to h to fundamental transitions involving predominantly stretching modes (see Table 1 ). The three highest energy bands a to c, found at 2790 cm Ti-O (n s,2 , n as,2 ) moiety, respectively. These four modes correspond to bands d, e, f and h in the experimental IRPD spectrum. Finally, band g is assigned to the Ti-OD stretching mode.
While the simulated spectra of the energetically higher-lying isomers P 2 to P 5 are rather similar to that of P 1 , which can be expected, due to the similar structures, there are some characteristic differences, which disfavor an assignment to these higher energy structures. First, the spacing (115 cm À1 ) and relative intensities of the Ti-D and TQO stretching modes (bands b and c in Fig. 1 ) are best reproduced by the spectrum ) spectral regions. Assignments of the IR-active vibrational modes are indicated (n: stretching, n s /n as : symmetric/antisymmetric Ti-(O) 2 stretching of the Ti-(O) 2 -Ti ring, '1' and '2' refer to the 3-and 4-fold coordinated Ti-atom, respectively). '*' denotes weak adsorption assigned to the D 2 stretching mode. See Table 1  and Table S1 (ESI †) of P 1 (89 cm À1 ). In the other spectra the spacing is either predicted too small (P 2 : 37 cm À1 , P 3 : 35 cm À1 ) or too large (P 4 : 179 cm À1 , P 5 : 187 cm À1 ). Second, the relative position and intensities of bands d to g are best reproduced by the spectrum of P 1 and much less satisfactorily by the spectra of P 2 to P 5 . The reaction path for reaction (1) is shown in Fig. 2 and the most relevant structures are shown in Fig. 3 . The reaction starts out from the C 2v ground state structure R cis (see Fig. 3 ) of the reactant Ti 2 O 4 À . 62 The corresponding trans-isomer R trans of C s symmetry lies slightly higher in energy, also at 70 K, where the difference in free energy amounts to only 0.3 kJ mol
À1
(B3PW91/aug-cc-pVDZ). Therefore, these two isomers likely co-exist under the current experimental conditions. Moreover, the barrier between R cis and R trans is small (3.0 kJ mol À1 ) and they can readily isomerize. Higher energy isomers are shown in the ESI † (see Fig. S3 ).
In the first step, the D 2 molecule can either physisorb to R cis or R trans , forming the intermediates I cis and I trans , respectively. The formation of I trans is energetically favored (adsorption energies: À9. 6 tively. This isomerization is, however, partially suppressed, because it is energetically less favorable compared to the direct dissociation of D 2 on I cis . Subsequently, P 5 can isomerize to the global minimumenergy product P 1 via TS b , which involves the migration of a D atom from one Ti atom to the other. Considering that we only observe P 1 and not P 4,5 as products suggests that even though the isomerization barrier P 5 -P 1 is relatively high (66.9 kJ mol À1 ), this exergonic reaction is not kinetically hindered, probably due to the absence of rapid-cooling of the ions on the time scale of the reaction. À isomers P 0 and P 00 (see Fig. 2a and 3 ), but this is energetically highly unfavorable, requiring at least 131 kJ mol À1 .
Note, any autodetachment processes from the anions involved in the reaction mechanism under the present experimental reaction conditions can be safely neglected due to the high electron affinity of Ti 2 O 4 of more than 1.7 eV. 420 (14) a Stretching (n), bending (d), symmetric (s), antisymmetric (as). 
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In order to understand the effect of the excess charge on the D 2 dissociation we have also calculated the reaction pathway for D 2 dissociation on neutral Ti 2 O 4 (see Fig. 2c ). The reaction starts out from the most stable structure, the trans isomer R 0 (see Fig. 3 To obtain a deeper insight into the mechanism of D 2 dissociation on Ti 2 O 4 À vs. Ti 2 O 4 we computed the natural bond orbital (NBO) 65 charge distribution on the relevant species along the dissociation pathways (see Fig. 3 ). The natural charges localized on the singly and doubly coordinated O atoms are À0.78|e| and À0.89|e|, respectively, for the anionic R cis (Fig. 3a) , and À0.63|e| and À0.82|e|, respectively, for the neutral R 0 (Fig. 3b) . Each Ti atom carries a positive natural charge of +1.18|e| (R cis ) and +1.45|e| (R . In contrast, the HOMO of the neutral is delocalized over all O-atoms. This has two consequences. First, the anion is characterized by a substantially smaller HOMO-LUMO gap, with a HOMO that is well separated from all other occupied MOs (see Fig. S4 , ESI †). Second, the additional electron density on the metal centers in the anion has a stabilizing effect on heterolytic D 2 dissociation (see Fig. 3 ). Interestingly, the HOMOs of the cis (R cis ) and trans (R trans ) isomers of Ti 2 O 4 À are qualitatively different.
While the HOMO of R cis is symmetrically delocalized over both Ti atoms, it is predominantly localized on a single Ti atom in R trans . This electron localization induced symmetry-breaking is reflected in the lower symmetry structure of R trans (see Fig. 3a ) and is favorable for the reaction with D 2 , which proceeds via the similarly asymmetric transition state TS Ti-centers, which are characteristic of TiO 2 surfaces, much larger (TiO 2 ) n À clusters are required (n 4 13). 39 However, the application of the present methodology to these larger systems is, in principle, feasible. À (R cis and R trans ).
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